, proton-gated 2,3 and sodium-selective 4,5 members of the epithelial sodium channel/ degenerin (ENaC/DEG) superfamily of ion channels 6,7 and are expressed throughout vertebrate central and peripheral nervous systems. Gating of ASICs occurs on a millisecond time scale 8 and the mechanism involves three conformational states: high pH resting, low pH open and low pH desensitized 9 . Existing X-ray structures of ASIC1a describe the conformations of the open 10 and desensitized 1,11 states, but the structure of the high pH resting state and detailed mechanisms of the activation and desensitization of the channel have remained elusive. Here we present structures of the high pH resting state of homotrimeric chicken (Gallus gallus) ASIC1a, determined by X-ray crystallography and single particle cryo-electron microscopy, and present a comprehensive molecular mechanism for proton-dependent gating in ASICs. In the resting state, the position of the thumb domain is further from the threefold molecular axis, thereby expanding the 'acidic pocket' in comparison to the open and desensitized states. Activation therefore involves 'closure' of the thumb into the acidic pocket, expansion of the lower palm domain and an iris-like opening of the channel gate. Furthermore, we demonstrate how the β11-β12 linkers that demarcate the upper and lower palm domains serve as a molecular 'clutch' , and undergo a simple rearrangement to permit rapid desensitization.
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To form well-ordered crystals of an ASIC in a high pH resting state, we used the ∆ 25 construct of chicken ASIC1a. This construct includes residues 25-463 of the full-length polypeptide and retains protondependent gating activity (Fig. 1a, b) . Crystals of the ∆ 25 construct, belonging to the P2 1 2 1 2 1 space group, were grown at high pH in the presence of Ba 2+ or Ca 2+ cations 12 (∆ 25-Ba 2+ and ∆ 25-Ca
2+
, respectively) and diffracted to 2.95 and 3.2 Å, respectively (Extended Data Table 1 ).
The ∆ 25-Ba 2+ and ∆ 25-Ca 2+ structures are nearly identical, and are consistent with the canonical chalice-like architecture of open 10 and desensitized 1,11 channels. Individual subunits resemble a clenched fist composed of a transmembrane domain (TMD), palm, wrist, finger, knuckle, thumb and β -ball domains 1 (Fig. 1c) . In comparison to open 10 and desensitized 1,11 channels, the resting state structure positions the thumb and finger domains further from the three-fold molecular axis, resulting in an expanded extracellular domain (ECD) (Fig. 1d, e) and exposing an additional solvent-accessible surface area of approximately 595 Å 2 per subunit. The ion channel gate is closed and bears a notable resemblance to the TMD structure of the desensitized channel (Fig. 1e) , indicating that the pore architecture is conserved across nonconducting functional states and suggesting that the conformation of the TMD is not directly pH-dependent.
Although the ∆ 25 channel is gated by protons, truncation of the amino and carboxy termini reduces its selectivity for Na + and decreases the Hill slope of proton-dependent ion channel activation (Extended Data Fig. 1 ). Point mutations on transmembrane helix 2b (TM2b, within the cytoplasmic region of the ion channel, also reduce sodium selectivity 13 . Given the altered function of the ∆ 25 construct and the importance of residues on or near the cytoplasmic domains of the ion channel, we determined the structure of the full-length chicken ASIC1a channel in the resting state at high pH and in the presence of Ca 2+ to a nominal resolution of 3.7 Å by cryo-electron microscopy (cryo-EM) ( Fig. 2a-d Table 2 ).
Despite their functional differences, the ∆ 25 and full-length ASIC1a structures are almost identical at the present resolutions (Fig. 2e-g ). Moreover, the superior quality of the cryo-EM density map in regions of the channel that exhibit low electron density in the X-ray structure provides valuable and unbiased structural information for domains that are important for gating and ion permeation in ASIC1a, including the acidic pocket and TMD (Fig. 2c, d ). Nevertheless, key features of the X-ray structure are conserved in the cryo-EM structure, including an expanded acidic pocket and closed gate ( Fig. 2c-g ). Furthermore, in both the X-ray and cryo-EM structures, the TM2 helices undergo a domain swap that allows the Gly-Ala-Ser motif [14] [15] [16] (also known as the GAS belt) to adopt an extended conformation immediately below the primary channel gate (Figs 1, 2, Extended Data Fig. 4) . Thus, the conformation of the resting channel in our X-ray structures was not substantially affected by truncation of the cytoplasmic termini, model bias or crystal packing.
ASIC1a channels occupy a resting, closed state at physiological pH and activate within milliseconds in response to extracellular acidification 17, 18 . Consistent with its proposed role in proton-dependent gating 1, 19 , the acidic pocket, a solvent-exposed and electrostatically negative cavity formed at subunit interfaces, adopts an expanded conformation in both the X-ray and cryo-EM resting state structures. We hypothesize that this conformation is stabilized by hydrophobic and polar contacts across the finger, thumb and palm domains (Fig. 3a, b , Extended Data Fig. 5a, b) . Upon extracellular acidification, thumb helices α 4 and α 5 shift towards the channel core as α 5 undergoes a lateral pivot of 12° around its amino terminus, anchoring its carboxy terminus against the palm domain of a neighbouring subunit (Extended Data Fig. 5c ). Rearrangements of thumb helices upon activation reduce the distance between titratable residues within the acidic pocket, enabling the formation of proton-mediated carboxylcarboxylate pairings that stabilize the interface between the thumb, finger and palm domains.
The collapse of the acidic pocket upon exposure to protons is transduced to the channel pore via the palm domain, a network of β -strands that constitute the core of the channel, link movements of the ECD to the pore domain and frame extracellular fenestrations that provide access for cations to the extracellular vestibule and mouth of the pore (Extended Data Fig. 6 ). Activation initiates rearrangements across the ECD that manifest as counterclockwise rotations of individual subunits of approximately 5° around a lateral scaffold comprised of the β -ball and upper palm domains (Fig. 3c) . The rotation of all subunits together leads to flexing of the lower palm towards the plasma membrane, displacing β -strand 1 (β 1) and β 12 in the palm domain by about 4 Å and inducing translation of TM1 and TM2a away from the threefold molecular axis (Fig. 3d, Supplementary Video 1) , culminating in the expansion of the extracellular fenestrations (Extended Data Fig. 6 ). The pore profile of the resting channel shows that it contains a closed Letter reSeArCH gate along the three-fold axis as a result of primary constrictions at Asp433 and Gly436 (Extended Data Fig. 7a, b) . Proton-dependent rearrangements originating at the ECD facilitate channel activation via iris-like opening of transmembrane helices (Extended Data Fig. 7c, d) , which shifts the carboxyl groups of Asp433 by 5.3 Å and opens the gate in the channel pore (Extended Data Fig. 7e, f) .
To elucidate the contributions of acidic pocket collapse to pHdependent gating, we used site-directed double cysteine substitutions to introduce a disulfide bridge at residues Thr84 and Asn357 to anchor the thumb domain to the palm domain of a neighbouring subunit, thereby arresting the acidic pocket in an expanded conformation. In whole-cell patch-clamp experiments, reducing conditions recovered proton-dependent gating behaviour, increasing the magnitude of proton-dependent currents when compared to control conditions (Fig. 3e, f) .
The observation that ASIC1a activation is blocked by an intersubunit disulfide bond at the acidic pocket supports the hypothesized functional role of subunit-subunit interactions in ASIC1a channels 20 , underscores the importance of the acidic pocket for ASIC1a gating and supports a simple gating scheme in which pH-dependent contraction of the acidic pocket drives channel activation.
ASIC1a channels undergo nearly complete desensitization on a timescale of hundreds of milliseconds 17, 18 . The β 1-β 2 and β 11-β 12 Letter reSeArCH linkers at the border of the upper and lower palm domains are important determinants of gating kinetics of ASIC channels [21] [22] [23] [24] [25] . The overall conformation of the β 1-β 2 and β 11-β 12 linkers in the resting state mimics that in the open channel (Fig. 4a, b) . In contrast to the similarities between resting and open states at β 11-β 12 linkers, however, the side chains of Leu414 and Asn415 swap positions in the desensitized channel, resulting in a 9 Å reorientation of Leu414 towards the central vestibule and inducing a notable rearrangement of the β 11-β 12 linkers 26 (Fig. 4c) . We therefore propose that the conformation adopted by β 11-β 12 linkers in the resting state provides a structural link between the upper and lower domains of the channel that enables pH-dependent collapse of the acidic pocket, which occurs approximately 40 Å from the plasma membrane, to drive activation.
Furthermore, we hypothesize that rearrangement of the β 11-β 12 linkers enables desensitization following prolonged exposure to low pH by serving as a molecular clutch, decoupling the collapsed acidic pocket from the lower channel and allowing TM1 and TM2a to relax by 6 Å and 5 Å, respectively (Supplementary Video 2, Fig. 4d ), permitting the re-formation of the non-conducting ion channel. Accordingly, desensitization produces a 'conformationally chimeric channel' that bears a notable resemblance to the resting channel below, and to the open channel above, the β 11-β 12 linkers (Fig. 1d) . Upon return to physiological pH, expansion of the acidic pocket returns the β 11-β 12 linkers to their original conformation, reforming a resting channel that is primed for subsequent activation.
To investigate the contribution of the rearrangement of the β 11-β 12 linker to desensitization, we used site-directed double cysteine substitution to anchor Leu414 to an adjacent residue on β 1-β 2 via a disulfide bridge. Exposure to protons elicited an inward current from L86C-L414C channels with an initial slow desensitizing component that gave way to a sustained current despite continued exposure to protons (Fig. 4e) . Taken together, these data are consistent with Leu414 and the β 11-β 12 linkers separating from the neighbouring β 1-β 2 linkers upon continued exposure to protons, and with this region having a central role in the mechanism of desensitization. 
Letter reSeArCH
Here we present X-ray and cryo-EM structures of ASIC1a channels in a resting state at high pH and in the presence of inhibitory Ba 2+ or Ca 2+ cations. The structure of a resting channel, the last remaining unsolved functional state of ASIC1a, consolidates our molecular understanding of the canonical functional states of ASIC1a channels and informs a comprehensive molecular model of pH-dependent gating mechanics (Fig. 5) . Moreover, our data suggest that the TM2 domain swap and GAS belt are functional characteristics of ASIC1a architecture.
At physiological pH, ASIC1a channels predominantly occupy a resting state with a pore that is closed to ion permeation and an expanded acidic pocket. Upon exposure to low pH, the acidic pocket adopts a collapsed conformation as α 5 pivots towards the channel core to enable proton-mediated carboxyl-carboxylate pairings between thumb and finger domains. The collapse of the acidic pocket initiates coordinated movements throughout the ECD that manifest as lateral rotations of individual subunits around their upper palm domain scaffold. Simultaneous rotation of all subunits displaces the β 1 and β 12 strands of the lower palm domain towards the membrane and away from the three-fold molecular axis. This shift of the lower palm domain results in expansion of the extracellular fenestrations and an iris-like opening of the channel gate, enabling ions to pass through the channel pore.
ASIC1a channels undergo rapid and complete desensitization at low pH. Continued exposure to protons results in a swap in sidechain orientations of Leu414 and Asn415 residues, inducing a substantial rearrangement of the β 11-β 12 linkers that demarcate the upper and lower palm domains. Reorganization of palm domain linkers uncouples the low pH conformation of the upper ECD from the lower part of the channel, allowing transmembrane helices to relax back into a resting-like conformation and forming a desensitized channel that is insensitive to protons. Re-priming ASIC1a channels for activation requires the removal of protons. We hypothesize that, upon return to physiological pH values, electrostatic repulsion stemming from the deprotonation of titratable acidic residues drives the expansion of the acidic pocket, enabling β 11-β 12 to revert back to a non-swapped conformation and recovering proton sensitivity upon formation of a resting channel.
Our results build on previous studies of gating mechanisms in ASICs that suggest that activation induces movements at the acidic pocket and that the lower palm domain and β 11-β 12 linkers have roles in desensitization [27] [28] [29] . By contrast, atomic force microscopy studies 30 have indicated that the ECD of human ASIC1a channels increases in height upon activation, a conformational change that was not seen in our analysis of X-ray crystallographic and cryo-EM structures of chicken ASIC1a. Nevertheless, the high cooperativity with which protons activate ASIC1a is consistent with multiple resting states that are characterized by varying degrees of protonation, suggesting that these structures represent an average over a range of protein conformations. As ASICs are the best structurally characterized members of the epithelial sodium channel/degenerin superfamily of ion channels, our studies provide fundamental insights into the mechanisms of gating and modulation of the entire superfamily.
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MethOdS
Receptor construct, expression and purification. The ∆ 25 crystallization construct has 24 residues removed from the amino terminus and 64 residues removed from the carboxy terminus. Recombinant ∆ 25 protein was expressed in HEK293S GnTI − cells by way of baculovirus-mediated gene transduction. HEK293S GnTI − cells in suspension culture were grown to a density of 3.5 × 10 6 ml −1 and infected with P3 virus. After 8 h of culture at 37 °C, sodium butyrate was added to 10 mM final concentration and the temperature was decreased to 30 °C. After 48 h of expression, cells were collected by centrifugation, washed with phosphate buffered saline (PBS), and resuspended in Tris-buffered saline containing protease inhibitors (TBS; 150 mM NaCl, 20 mM Tris pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 0.05 mg ml −1 aprotinin, 2 μ g ml −1 pepstatin A and 2 μ g ml −1 leupeptin). Cells were disrupted by sonication and membrane fractions were isolated by ultracentrifugation. Fulllength chicken ASIC1a channels were expressed in cell culture in the same way as the ∆ 25 construct but without the membrane fraction isolation step.
Membrane pellets containing ∆ 25 were resuspended in TBS buffer with protease inhibitors, homogenized and solubilized in 40 mM n-dodecyl β -d-maltoside (DDM) for 1 h at 4 °C. ASIC1a channels were solubilized in an identical manner immediately after cell disruption by sonication. The solubilized material was clarified by ultracentrifugation and the supernatant was incubated in metal ion affinity resin for 1.5 h at 4 °C with 10 mM imidazole. Co 2+ resin was packed into a column and subjected to three column volume wash steps with buffer containing 300 mM NaCl, 20 mM Tris pH 8.0, 1 mM DDM and 10 mM imidazole followed by three additional column volume washes with buffer containing 300 mM NaCl, 20 mM Tris pH 8.0, 1 mM DDM and 30 mM imidazole. Bound protein was eluted with 300 mM NaCl, 20 mM Tris pH 8.0, 1 mM DDM and 250 mM imidazole. The histidine-tagged enhanced green fluorescent protein (eGFP) tag was cleaved by thrombin digestion. The ∆ 25 protein was further purified by size-exclusion chromatography (SEC) using a mobile phase containing 300 mM NaCl, 20 mM Tris pH 8.0, 2 mM n-decyl β -d-thiomaltopyranoside (C10ThioM), 1 mM DTT, 0.2 mM cholesteryl hemisuccinate (CHS) and 5 mM CaCl 2 or BaCl 2 . Peak fractions were collected and concentrated to ~ 3 mg ml −1 . Crystallization. Cholesterol stocks were maintained at 50 mg ml −1 in chloroform and stored at − 20 °C. Cholesterol aliquots were removed from stock and placed under argon until visibly dry. Dried cholesterol aliquots of 6 mg were resuspended by adding 20 μ l of an aqueous solution of 400 mM C10ThioM, followed by gentle stirring for 1 h at 4 °C 31 . Subsequently, 110 μ l of purified ∆ 25 protein at 3 mg ml −1 was added to the cholesterol-detergent mixture and incubated for 16 h at 4 °C with gentle stirring. The protein mixture was clarified by two ultracentrifugation steps and used immediately for crystallization experiments. For the ∆ 25-Ca 2+ structure, the protein was incubated with cholesterol (6 mg) and resuspended in 20 μ l of an aqueous solution of 200 mM DDM.
Crystals were obtained at 4 °C using the hanging drop vapour diffusion method. Reservoir solution contained 100 mM Tris pH 8.5-9.5, 150 mM NaCl, 5-20 mM CaCl 2 or BaCl 2 , and 29-33% (v/v) PEG 400. Drops were composed of 1:1, 1.5:1, 1.75:1 and 2:1 protein:reservoir, respectively. Crystals typically appeared within two weeks. Crystals were cryoprotected by increasing the PEG 400 concentration in the protein-containing drop to 36% (v/v) before flash cooling in liquid nitrogen. Structure determination. X-ray diffraction datasets were collected at the Advanced Light Source (ALS) beamline 5.0.2 and at the Advanced Photon Source (APS) beamline 24ID-C and diffraction was measured to ~ 2.95 Å and ~ 3.2 Å for ∆ 25 with Ba 2+ and Ca
2+
, respectively. Diffraction data were indexed, integrated and scaled using XDS and XSCALE 32 software. Diffraction data from ∆ 25-Ca 2+ crystals were processed using the microdiffraction assembly method 33 . The ∆ 25-Ba 2+ and ∆ 25-Ca 2+ structures were solved by molecular replacement using the PHASER program 34 . For both structures, the extracellular domain coordinates of the ∆ ASIC1 structure (PDB code: 2QTS) were used as a search probe. All models were built using iterative rounds of manual model building in Coot 35 and refinement in Phenix 36 until satisfactory model statistics were achieved. Ramachandran statistics for both ∆ 25-Ba 2+ and ∆ 25-Ca 2+ structures were 98.31% favoured and 1.69% allowed, with none disallowed. Omit maps were employed throughout the building and refinement process and to verify the presence of the GAS-domain swap within the second transmembrane domain helix. Sample preparation, data acquisition, image processing and model building for cryo-EM. ASIC1a was purified as described for ∆ 25 with the mobile phase for SEC containing 150 mM NaCl, 20 mM Tris pH 8.0, 1 DDM, 1 mM DTT, 0.2 mM CHS and 5 mM CaCl 2 . Peak fractions were concentrated to 3.2 mg ml −1 and 2.5 μ l of ASIC1a sample was applied to a glow-discharged (15 mA for 60 s on carbon side) Quantifoil Holey Carbon Grid (gold, 1.2 μ m hole size, 1.3 μ m hole space, 300 mesh), blotted for 3 s at 100% humidity with a Vitrobot Mark IV (FEI) and plunge frozen in liquid ethane cooled by liquid nitrogen.
Data were collected on a Titan Krios cryo-electron microscope (FEI) operating at 300 kV. Images were recorded on a Gatan K2 summit direct electron detector, positioned after an energy filter (20-eV slit width), in super-resolution mode with a binned pixel size of 1.04 Å. Images were collected using the automated image acquisition software SerialEM 37 and dose-fractionated to 100 frames at 0.1 s per frame with a total exposure time and dose of 10 s and 40-50 e − Å −2 , respectively. Nominal defocus values ranged from − 1 to − 3 μ m.
Images were motion-corrected and summed with UCSF MotionCor2 38 and defocus values were estimated with Gctf 39 . Around 256,000 particles were picked using DoGPicker 40 and reference-free 2D classification was performed in Relion 41 to remove broken particles and aggregates. Following 2D classification, ~ 160,000 particles were subjected to 3D refinement and classification (C1 symmetry) in Relion to eliminate particles containing some degree of conformational heterogeneity. Inspection of the resulting 3D classes revealed four well-resolved classes containing a total of 33,991 particles, which were subjected to further 3D refinement and classification in Relion (C3 symmetry). Finally, a single class containing 26,117 particles was carried over for final refinement in cisTEM 42 with C3 symmetry imposed. Refinement in cisTEM was limited to a resolution of 4.5 Å (≥ 0.9 of the FSC) to prevent overfitting. A mask was used in cisTEM that did not exclude the outlying mask areas, but did filter them to a resolution of 30 Å to reduce the influence of the micelle on alignment. The final resolution was estimated to be 3.7 Å based on FSC gold standard analysis in Relion. Local resolution was calculated using blocres from the Bsoft 43 package with a box size of 20 and a 0.5 FSC cutoff. The ∆ 25-Ba 2+ crystal structure was docked into the EM density map for the ASIC1a channel in Chimera 44 and served as a template for manual model building of the ASIC1a channel in Coot. Deteriorating density prevented unambiguous modelling of 103 residues corresponding to the channel's cytosolic domains, limiting extension of the model to one and five residues on the amino and carboxy termini, respectively. The final model contains residues 41-464 of chicken ASIC1a and was subjected to real-space refinement in Phenix 45 Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.
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